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Structural investigation of amorphous materials at high pressures
using the diamond anvil cell

Guoyin Shen,a) Vitali B. Prakapenka, Mark L. Rivers,b) and Stephen R. Suttonb)

Consortium for Advanced Radiation Sources, University of Chicago, Chicago, Illinois 60637

~Received 9 December 2002; accepted 17 March 2003!

A modified diamond anvil cell~DAC! is used for structural studies of amorphous materials at high
pressures using a monochromatic synchrotron x-ray beam. The DAC modification includes~1! the
use of x-ray transparent seats for a large angular opening for x-ray scattering, and~2! the
introduction of a boron gasket insert to increase the sample thickness and to minimize the gasket–
hole deformation. A procedure for absorption correction and background subtraction in DAC
experiments is described, together with an optimization process for obtaining accurate data of the
structure factor and the corresponding pair distribution function. Data for amorphous iron at 67 GPa
are presented for demonstration. It is shown that quantitative structural data can be determined for
amorphous materials at very high pressures using the DAC. The apparatus should be also useful for
structural studies of liquids at high pressures. ©2003 American Institute of Physics.
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I. INTRODUCTION

The study of the structure of noncrystalline materials
high pressure has been a long-standing goal in high-pres
research. It is of great importance in materials science
geophysics, because information on the structure of liqu
or amorphous materials provides a basis for investiga
numerous macroscopic physical properties such as visco
and self-diffusion,1 electrical resistivity,2 compressibility,3

and thermal expansion.4 There are growing numbers of stru
tural studies of noncrystalline materials at high pressure
high temperature. Novel and interesting phenomena h
been reported, e.g., the observation of first-order phase
sitions in liquid phosphorus5 and liquid GeSe2 .6

Liquids and amorphous materials exhibit weak diffu
x-ray scattering, which leads to major difficulties in hig
pressure experiments due to the small sample volume an
relatively large background scattering from sample conta
ers in high-pressure instruments. With the developmen
synchrotron sources, significant progress has been mad
structural studies of noncrystalline materials at high pr
sures. The brilliant synchrotron beam makes it possible
measure the weak diffuse scattering from small hig
pressure samples. To reduce the background signal, en
dispersive scattering~EDS! has often been used, with caref
spatial collimation of the scattered signals.5,7 The EDS
method involves data collection at several 2u angles and in-
tensity normalization to the x-ray source spectrum, wh
extends the measurement time and could degrade the a
racy in intensity. Angle dispersive scattering~ADS! has the
intrinsic advantage of obtaining accurate intensity inform
tion, and has been applied in large volume presses wi
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multislit system for spatial collimation.8 The combination of
an area detector with collimation slits results in accur
scattering intensities and an effective reduction of the ba
ground signal, making it an effective tool for studying th
structure of noncrystalline materials at extreme conditio
with large volume presses. It is desirable to have a sim
multichannel slit system for spatial collimation in expe
ments with the diamond anvil cell~DAC!, with which much
higher pressures can be reached. On the other hand, be
the anvil materials in the DAC are single crystals, it is fou
to be possible, even without spatial collimation, to meas
the scattering from noncrystalline samples with a pro
background subtraction. Eggertet al.9 used a monochromatic
x-ray beam and reported high-quality data on structure f
tors of liquids ~argon and water! in a DAC. Shenet al.10

reported the results of structural studies of amorphous m
rial at high pressures with the ADS technique. In this artic
we describe a modified DAC suitable for structural studies
noncrystalline materials at very high pressures. A proced
for absorption correction and background subtraction is p
sented in detail. An analysis process is demonstrated u
our data for amorphous iron collected at 67 GPa. Althou
the present discussion is focused on amorphous solid
should be applicable to structural studies of liquids as we

II. DIAMOND ANVIL CELL

A symmetric diamond anvil cell11 is used. Originally de-
signed for laser heating experiments,11,12 this cell has an
x-ray opening of 60°~Fig. 1!. It is compact, with dimensions
approximately 45 mm in diameter and 35 mm in length, y
pressures in the Mbar range have been reached.13,14The cell
has been applied to many research areas, such asin situ laser
heating,12 radial diffraction,13 and high-resolution emission
spectroscopy.15

Tungsten carbide~WC! seats are generally used as t
supporting bases for the diamond anvils. In general, a con

il:

i-
1 © 2003 American Institute of Physics
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3022 Rev. Sci. Instrum., Vol. 74, No. 6, June 2003 Shen et al.
aperture is machined in the WC seat for analytical acces
the sample located between the two anvil culets. The de
of the conical aperture is mainly determined by two facto
the applied force needed to reach the desired pressure an
required access opening to the sample for radiation, inc
ing visible and x ray. In principle, knowing the mechanic
properties of the WC seat, it is possible to predict an optim
design with the help of techniques such as finite-elem
modeling. In practice, we are not aware of any such simu
tion, and the aperture size and shape are mostly determ
from experience. Typically, an aperture size at the diam
side is determined by the desired pressure range and the
of the anvil. The aperture opening angle is determined by
required visible optical access to the sample, taking into
count the refractive index of diamond. For example, fo
cell that can go routinely to Mbar pressures, a small hole
less than 1.2 mm is used. With a typical anvil thickness
2.5 mm, the full visible optical opening is;70°; while the
full opening for x ray is only 27°. In the normal case that t
incident x ray is parallel to the loading axis, the x-ray d
fraction angle~2u! is limited to 13.5°.

To increase the opening angle, x-ray transparent ma
als have been introduced. Beryllium seats are widely u
for single-crystal studies.16 Boron seats were used for ultra
high-pressure single-crystal study17 and for x-ray scattering
of liquids.9 Here, we use boron nitride~BN! as the seat ma
terial. BN is the second hardest material~next to diamond!,
and is x-ray transparent, with an absorption coefficient co
parable to that of diamond. For example, at the energy
37.44 keV, the absorption coefficient is 0.2139 cm2/g ~0.2157
cm2/g for diamond!.18 Such BN seats are now commercial
available.

A large scattering opening, and thus the moment
transferQ54p sinu/l, is essential for structural studies o
noncrystalline materials. Figure 2 shows the maximum m
mentum transfer as a function of the x-ray energy with va
ous access opening angles. The typical energy range use
DAC study is also shown. In general, a maximum mom
tum transfer (Qmax) of more than 80 nm21 is required to
avoid introducing significant truncations effects19 on the
structure of noncrystalline materials. As shown in Fig. 2,
access opening with 2u of 13.5° ~in the case of WC seats! is

FIG. 1. Symmetrical diamond anvil cell~see Ref. 11!. The BN seat is used
for large x-ray scattering angle. The enlarged view is the sample config
tion. A hole slightly larger than the culet is drilled and then filled with t
boron epoxy. Another smaller hole is drilled at the center of the boron ep
for sample loading. This configuration results in an increase of the sam
thickness and minimum deformation of the metallic gasket hole at h
pressures.
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not large enough to have reasonableQ coverage. For an
opening with 2u of 30° ~as in this study, Fig. 1!, x-ray ener-
gies larger than 30 keV are required. At the energy of 37
keV ~l50.3311 A!, a typical energy used at the GSECAR
sector for DAC experiments,Qmax extends to 98 nm21.

The enlarged view in Fig. 1 is the sample configurati
in the DAC. The new feature introduced is the use of am
phous boron epoxy. The boron epoxy was prepared by m
ing amorphous boron~Alfa! with epoxy ~Epo-tek! in 4:1
ratio by weight. There are two major advantages of us
boron epoxy: increased sample thickness and minimum
formation of the metallic gasket at high pressures, fo
proper background reference.

In x-ray scattering experiments with the DAC, th
sample signal-to-anvil-background ratio may be improved
increasing the sample thickness and/or decreasing the th
ness of the diamond anvils.9 However, decreasing the anv
thickness is generally not favored because the achiev
pressure range will then be reduced. Therefore, increa
the sample thickness with the use of boron gasket inserts
critical factor for obtaining measurable x-ray scattering
amorphous materials at ultrahigh pressures.

The other advantage of using boron gasket inserts i
background subtraction. Because of the large scattering f
diamond anvils, a measurement of the scattering from
empty cell ~without the sample, but with all the rest of th
parts of the DAC identical to that used for high-pressure d
collection! is necessary. Among these parts, the most crit
item is the metallic gasket, generally made of high-Z mate-
rials ~e.g., rhenium!. Since the metallic gasket hole serves
an aperture for the scattering from the first diamond, gr
care must be taken in collecting the background data w
respect to the location, shape, and size of the ‘‘aperture.
no boron epoxy were inserted, the metallic gasket h
would inevitably deform at high pressures. Consequently

a-

y
le
h

FIG. 2. Accessible momentum transfer with various scattering angles
function of x-ray energy. X-ray energies for DAC experiments are, typica
in the range of 25–45 keV.Qmax larger than 80 nm21 is usually required.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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3023Rev. Sci. Instrum., Vol. 74, No. 6, June 2003 Structures of amorphous materials by DAC
would be impossible to have an identical aperture fo
proper reference. By introducing amorphous boron~or other
x-ray transparent materials! in the gasket, as shown in th
enlargement in Fig. 1, the large metallic hole outside
culet area is only weakly affected at high pressures, and
deformation should happen mainly in the boron-filled ar
This results in a metallic aperture close to that used in hi
pressure data collection, thus providing a good backgro
reference.

III. DATA ANALYSIS

The observed data can be expressed by the sum o
sample scattering and the background scattering:

I obs~Q!5a~Q!I samp~Q!2bIback~Q!, ~1!

wherea(Q) is the absorption factor, which is a function o
the scattering angle, andb is the background correction fac
tor. The polarization correction was applied in the ima
process with the software FIT2D.20 To extract the sample
scattering from the observed data,a(Q) and b need to be
determined.

A. Absorption correction

The transmission factora(Q) is dependent onQ ~or the
scattering angle!, and can be calculated from the cell geom
etry and materials involved. Since the absolute absorptio
included in the normalization process, it is theQ dependence
that is important. As shown in Fig. 3, the transmission can
divided into three zones. The first is the absorption of
diamond anvil; the second is the absorption of the anvil a
the beveled part of the BN seat; and the third zone is
absorption of the anvil and the BN seat. The sample s
absorption is usually small for thin DAC samples~,50 mm!
at high pressures. For example, change in absorption ovQ

FIG. 3. Calculated transmission function from geometry of the diam
anvil and the BN seat. The sample self-absorption effect is also shown
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range to 100 nm21 is about 0.5% for an iron sample with
thickness of 30mm at 37.44 keV. Therefore, the sel
absorption of the sample is generally neglected.

B. Background subtraction

Proper background subtraction is a challenge in str
tural studies of noncrystalline materials with DAC expe
ments. Scattering from diamond anvils is relatively large a
includes Compton scattering and thermal diffuse scatte
~TDS!. Occasionally, Bragg diffraction spots from diamon
may be recorded, which can be easily removed by mask
the image in the integration process. Removing the Comp
scattering and TDS may be made experimentally with
proper background measurement. Because TDS is stro
dependent on temperature, it is necessary to have a b
ground measurement for each sample temperature.
methods may be applied to obtain the background refere
One is the empty cell reference, i.e., a background scatte
without the sample in the same cell with the same gaske
those used for high-pressure data collection. As mentio
above, the use of boron gasket inserts helps to preser
gasket with a hole size and shape almost identical to thos
high pressures, providing a proper reference with the em
cell method. The other method is to obtain a backgrou
reference from a corresponding crystalline sample of
noncrystalline material. This method becomes particula
practical and easy when measurements are made near f
ing points crossing a melting curve.9,21

Having obtained a reference background, it is found t
factor b in Eq. ~1! is often not unity. This could be due t
variations in incident beam intensity, detector temperatu
and other time-dependent factors. For the DAC shown
Fig. 1, sample scattering at 2u angles larger than 30° is
blocked by the cell body. This provides a way of determini
the factorb, by constraining the sample scattering signal
be zero in this region~Fig. 4!.

C. Normalization

After obtaining the sample scatteringI samp(Q) with
proper absorption and background corrections, the rest of
data analysis is similar to most noncrystalline scattering
periments. The description of the atomic distribution in no
crystalline materials usually employs the concepts of
structure factor and the pair distribution function in atom
units.

By introducing a normalization factorN, the total scat-
tering from the sampleI samp(Q) can be expressed in atom
units by the coherent scatteringI coh(Q), incoherent scatter-
ing I incoh(Q), and the multiple scatteringI mul(Q):19

NIsamp~Q!5I coh~Q!1I incoh~Q!1I mul~Q!. ~2!

The incoherent scattering~Compton scattering! contribution
can be computed using the analytic formulas.22 Multiple
scattering is generally neglected in x-ray scattering studie19

The normalization factorN is determined by using the
Krogh–Moe–Norman method.23 By definition, the structure
factor is obtained from the coherent scattering:S(Q)
[I coh(Q)/ f 2(Q), wheref (Q) is the atomic scattering factor

d
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3024 Rev. Sci. Instrum., Vol. 74, No. 6, June 2003 Shen et al.
The Fourier transformation ofQ@S(Q)21# is the distri-
bution functionF(r ) in real space:

F~r ![4prn~r !24prn0

5
2

p E
0

Qmax
Q@S~Q!21#sin~rQ !dQ, ~3!

wheren(r ) is the density function of atomic number at di
tancer, andn0 is the average atomic number density of t
sample. FromF(r ), the pair distribution functiong(r ) is
obtained by the definition:g(r )[n(r )/n0 .

D. Optimization

Kaplow et al.24 showed thatF(r ) exhibits sharp oscilla-
tions in the small-r region arising from a normalization erro
Errors inF(r ) from scattering factors are also apparent in
small-r region and decrease with increasingr. The oscillation
in F(r ) in the small-r region is unphysical and can be r
moved by an optimization procedure. The optimization p
cedure should result in an improved structure factor. Sev
iterations may be necessary before a finalS(Q) andg(r ) is
obtained.

Since the atoms do not approach each other within
atomic core diameter,n(r ) should be zero in this region
Therefore, from Eq.~3! we have

F~r !524prn0 ~r ,r min!, ~4!

where r min is a value close to the atomic radius. From E
~4!, Kaplow et al.24 and Eggertet al.9 proposed a refinemen
procedure forS(Q) and g(r ). Following their approaches
we established an iterative procedure for analyzing am
phous scattering data. According to Eqs.~3! and~4!, we have

FIG. 4. Illustration of the background subtraction. An integrated pattern
x-ray scattering for amorphous iron at 67 GPa is shown, along with
empty-cell background and the background-subtracted patternsb
50.715). The oscillation in the subtracted pattern in the small-Q region
arises from the position of the beamstop. A linear fit is usually applied
remove the oscillation.
Downloaded 28 May 2003 to 128.135.12.21. Redistribution subject to A
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F ~ i !~r !5
2

p E
0

Qmax
Q@S~ i !~Q!21#sin~rQ !dQ, ~5!

DF ~ i !~r !5F ~ i !~r !14prn0 ~r ,r min!, ~6!

where i denotes the iteration number. An improve
S( i 11)(Q) can then be obtained by applying the inverse Fo
rier transformation ofDF ( i )(r ):

S~ i 11!~Q!5S~ i !~Q!2
1

Q E
0

r min
DF ~ i !~r !sin~rQ !dr. ~7!

This iteration process was found to be effective in analyz
the amorphous iron sample at high pressures.10 An illustra-
tion is shown in Fig. 5 for the data at 67 GPa.

While spurious oscillations in the distribution functio
F(r ) at small values ofr can be effectively removed by
applying the above optimization procedure~Fig. 5!, it is nec-
essary to perform a reliability check for the correctedS(Q).
We make use of two criteria:~1! in the small-Q region,
limQ→0 S(Q)5S(0)5n0kBTb, wherekB is the Boltzmann
constant,b is the isothermal compressibility, andT is the
absolute temperature;~2! the correctedS(Q) must agree with
the observed data within experimental errors.

Truncation of the experimental data atQmax is a limiting
factor. This is especially true for high-pressure studies
cause of the limited scattering angle available due to hi
pressure instruments. The differences inF(r ) are plotted

f
e
(

o

FIG. 5. Iteration evolutions of the structure factorS( i )(Q) ~top! and the
distribution functionF ( i )(r ) ~bottom! from the data for amorphous iron a
67 GPa.F (0)(r ) shows oscillations in the small-r region due to errors in
S(Q) ~see Ref. 24!. Note that these oscillations converge after a few ite
tions. TheS(Q) values in the high-Q region become noisy due to the weigh
of atomic scatteringf (Q). It is shown that theseS(Q) values at highQ are
effectively corrected with iterations.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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3025Rev. Sci. Instrum., Vol. 74, No. 6, June 2003 Structures of amorphous materials by DAC
with variousQmax values~Fig. 6!. Clear oscillations can be
observed with an approximate period of 2p/Qmax. It should
be noted that the greatest oscillation occurs in the vicinity
the first peak, where it holds the most critical informati
~Fig. 6!. However, it is found that at values ofQmax larger
than 85 nm21 errors caused by the truncating are sign
cantly reduced. As suggested by Kaplowet al.,24 a reliability
check for the proper value ofQmax should be actually the
first step before all other optimization procedures. Insu
cient Q range can cause inaccurate data inF(r ) and in the
pair distribution functiong(r ), especially in the critical re-
gion around the first peak.

An interactive data visualization~IDL ! procedure was
written for the above numerical analysis, a program wh
allows online analysis of the raw data. The initial inform
tion required are~1! the incoherent scatteringI incoh(Q) and
the atomic scattering factorf (Q) of the sample,~2! the ab-
sorption functiona(Q) from a specific cell, and~3! the av-
erage atomic densityn0 of the sample at correspondin
pressure-temperature conditions. While information~1! and
~2! can be obtained or calculated, data on the atomic den
n0 are scarce, particularly at extreme conditions. Recen
using large volume presses,25 densities of molten material
have been determined by the falling~or floating! ball tech-
nique. With the DAC, Eggertet al.9 estimated the density o
fluids ~argon and water! from the liquid structure factors
measured up to 1.1 GPa. Shenet al.26 introduced a method
for density determination at high pressures in a DAC ba
on absorption of a monochromatic x-ray beam. It is desira
to experimentally determinen0 at high pressures. If no
available,n0 of an amorphous material may be estimat
from data at ambient pressure and then by assuming
same bulk compression as that of the corresponding cry
line phase. It is found that peak positions in bothS(Q) and
g(r ) are not sensitive to the initial input values ofn0 . For
example, changingn0 by 5% leads to negligible~less than
0.02%! change in peak positions in bothS(Q) andg(r ).

FIG. 6. Difference inF(r ) at various termination values from that atQmax

of 95 nm21. Oscillations appear with a period of 2p/Qmax. Large errors
arising from termination are in the vicinity of the first dominant peak.
Downloaded 28 May 2003 to 128.135.12.21. Redistribution subject to A
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E. Example: Structure of an amorphous iron at 67
GPa

Experiments on amorphous iron27 were performed at the
13BM-D at the Advanced Photon Source. A monochroma
beam of 37.44 keV was used and the x-ray scattering
corded with an area detector~Bruker-2k!. The structure fac-
tor and the pair distribution function of the amorphous ir
sample at 67 GPa are shown in Figs. 7 and 8,28 respectively,
together with the data at ambient pressure and those of liq
iron for comparison. Detail structural analysis of the am
phous iron is reported elsewhere.10 The Qmax value of 86.6
nm21 is used to deriveg(r ) for both 67 GPa and ambien
pressure. It is found that with increasing pressure the p
height of S(Q) ~Fig. 7! remains essentially the same, a
though the peak position shifts to a higherQ value. Similar
features were found ing(r ) in real space. The peak height i

FIG. 7. Structure factorS(Q) of amorphous iron at 67 GPa. Data for amo
phous iron at ambient pressure and of liquid iron are shown for compar
~see Ref. 28!.

FIG. 8. Corresponding pair distribution functiong(r ) at 67 GPa together
with the data at ambient pressure and of liquid iron~see Ref. 28!.
IP license or copyright, see http://ojps.aip.org/rsio/rsicr.jsp
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g(r ) does not significantly change with the increase of pr
sure, while the peak position shifts to smallerr values, an
indication of compression.

The general structural feature of the amorphous stat
similar to that of the liquid state except for a few we
peaks. In the liquid state, the amplitude of the atomic vib
tion is large, leading to a large uncertainty in the position
the lattice point, thus resulting in an averaged smooth dis
bution in bothS(Q) andg(r ) ~Figs. 7 and 8!. On the other
hand, the small amplitude of the vibration of atoms in t
amorphous state contributes to the construction of a m
fixed atomic arrangement, causing some peaks inS(Q) and
g(r ) ~Fig. 7!.

Distance ratios ofr 2 /r 1 , r 3 /r 1 , andr 4 /r 1 in g(r ) ~Fig.
8! at ambient pressure are found to be 1.34, 1.63, and 1
respectively. From the data at 67 GPa, the ratios are 1
1.64, and 1.90, respectively. The weak pressure depend
of the distance ratios implies that the basic polyhedra fo
ing the structure of the amorphous iron remain unchan
with pressure.
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